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ABSTRACT 

A research  program t o  deve lop  techno logy  for r o b o t s  o p e r a t i n g  i n  t h e  m i c r o g r a v i t y  e n v i r o n -  
ment o f  t h e  space s t a t i o n  l a b o r a t o r y  i s  desc r ibed .  These r o b o t s  must be capab le  o f  manipu- 
l a t i n g  pay loads  w i t h o u t  caus ing  them t o  exper ience  ha rmfu l  l e v e l s  o f  a c c e l e r a t i o n ,  and t h e  
mo t ion  o f  t hese  r o b o t s  must n o t  d i s t u r b  a d j a c e n t  exper iments  and o p e r a t i o n s  by t r a n s m i t t i n g  
r e a c t i o n s  t h a t  t r a n s l a t e  i n t o  damaging r e a c t i o n s  th roughou t  t h e  l a b o r a t o r y .  S o l u t i o n s  t o  
these prob lems,  based on b o t h  mechanism techno logy  and c o n t r o l  s t r a t e g i e s ,  a r e  d i scussed .  
Methods a r e  p resen ted  f o r  r e d u c t i o n  o f  r o b o t  base r e a c t i o n s  th rough  the  use o f  redundant  
degrees o f  f reedom, and t h e  development o f  smooth ly  o p e r a t i n g  r o l l e r - d r i v e n  r o b o t  j o i n t s  f o r  
m i c r o g r a v i t y  m a n i p u l a t o r s  i s  d iscussed.  

INTRODUCTION 

A ma jo r  f u n c t i o n  o f  t h e  p lanned space s t a t i o n  w i l l  be t o  p r o v i d e  a f a c i l i t y  t o  conduct  l ong -  
d u r a t i o n  m i c r o g r a v i t y  exper iments .  E f f i c i e n t  u t i l i z a t i o n  o f  t h i s  l a b o r a t o r y ,  as w e l l  as t h e  
f u t u r e  c o m m e r c i a l i z a t i o n  o f  space, w i l l  depend on r o b o t i c  m a n i p u l a t o r s  f o r  conduc t ing  exper -  
iments  and p e r f o r m i n g  processes .  

The i n t r o d u c t i o n  o f  r o b o t i c  m a n i p u l a t o r s  w i l l  p e r m i t  c r i t i c a l  processes des igned on  e a r t h  
t o  be c a r r i e d  o u t  i n  space w i t h  min ima l  i n t e r v e n t i o n  o f  crew members. Fur thermore ,  r o b o t s  
can p o t e n t i a l l y  a l l o w  seve ra l  exper iments  to  share  m u l t i p u r p o s e  ins t rumen ts  and work s t a -  
t i o n s ,  f u r t h e r  i m p r o v i n g  p r o d u c t i v i t y .  Other  r o b o t  systems b e i n g  cons ide red  ( 1 )  c o u l d  
enhance space s t a t i o n  u t i l i z a t i o n  by o p e r a t i n g  exper iments ,  h a n d l i n g  a c c e l e r a t i o n - s e n s i t i v e  
specimens, and r e s u p p l y i n g  processes .  These r o b o t  f u n c t i o n s  c o u l d  be c o o r d i n a t e d  by 
on-board c rew members, by p r i n c i p a l  i n v e s t i g a t o r s  on the  ground th rough t e l e o p e r a t i o n ,  or 
autonomously.  

The m i c r o g r a v i t y  env i ronment  (one thousandth  t o  one t e n - m i l l i o n t h  o f  normal e a r t h  g r a v i t y )  
a1 lows f o r  e x p e r i m e n t a t i o n  and manu fac tu r ing  wh ich  cannot  be performed i n  e a r t h ' s  g r a v i t y .  
S t u h l i n g e r  ( 2 )  has summarized t h e  es t ima tes  o f  c r i t i c a l  a c c e l e r a t i o n  l e v e l s  f o r  proposed 
space s t a t i o n  exper imen ts .  I n  F i g u r e  1 ,  a p l o t  o f  t y p i c a l  d i s t u r b a n c e s  and t h e  exper iment  
r e q u i r e m e n t  l l m l t s  shows t h a t  t h e r e  1 s  e s s e n t i a l l y  a c o n s t a n t  l e v e l  l i m i t  a t  low f r e q u e n c i e s  
as w e l l  as a t h r e s h o l d  f requency  above wh ich  r e l a t i v e l y  h i g h e r  a c c e l e r a t i o n  l e v e l s  a r e  pe r -  
m i s s i b l e .  I n  t h e  absence o f  d i s t u r b a n c e s ,  these requ i remen ts  w i l l  be m e t  a t  o r  near  t h e  
f l i g h t  p a t h  o f  t h e  s t a t i o n .  However, d i s t u r b a n c e s  r e s u l t i n g  from o p e r a t i o n  o f  t h e  space 
s t a t i o n  may i n c r e a s e  t h e  a c c e l e r a t i o n  t o  unacceptab le  l e v e l s .  If the  space s t a t i o n  i s  t o  
be a u s e f u l  f a c i l i t y  for research ,  c o n t r o l s  m u s t  be a p p l i e d  t o  i n s u r e  t h e  c o n s e r v a t i o n  o f  
t h e  r e q u i r e d  a c c e l e r a t i o n  l e v e l s .  Robots and t a s k  s p e c i f i c  mo t ion  dev i ces  a r e  expec ted  t o  
decrease a c c e l e r a t i o n  d i s t u r b a n c e s  by r e p l a c i n g  u n c o n t r o l l e d  human mot ion  w i t h  t h e  p ro -  
grammed, c o n t r o l l e d  mo t ion  o f  a machine. However, any mo t ion  can produce a r e a c t i o n  f o r c e ,  
wh ich  may r e s u l t  i n  unwanted a c c e l e r a t i o n .  Harman and Rohn ( 3 )  s t u d i e d  t h e  impact  o f  r o b o t  
and crew m o t i o n  on the  a c c e l e r a t i o n  env i ronment  i n  t h e  l a b o r a t o r y  module and found  t h a t  
p o o r l y  c o n t r o l l e d  r o b o t  movements have the  p o t e n t i a l  o f  caus ing  c r i t i c a l  d i s t u r b a n c e s .  

There a r e  two r e l a t e d  mo t ion  c o n t r o l  problems a s s o c i a t e d  w i t h  the  o p e r a t i o n  o f  r o b o t s  i n  a 
m i c r o g r a v i t y  env i ronmen t .  The f i r s t  i n v o l v e s  t h e  t r a n s p o r t  o f  specimens w i t h o u t  exceed ing  
p rede f ined  m i c r o g r a v i t y  a c c e l e r a t i o n  l i m i t s .  T h i s  can be accompl ished by moving t h e  r o b o t  
v e r y  s l o w l y ,  i n c r e a s i n g  m i s s i o n  t ime ,  or ( p r e f e r a b l y )  by o p t i m i z i n g  the  e n d - e f f e c t o r ' s  t r a -  
j e c t o r y  and a v o i d i n g  any sudden movements. I n  a d d i t i o n  t o  p r e c i s e  t r a j e c t o r y  p l a n n i n g ,  
improvements a r e  r e q u i r e d  i n  t h e  c o n s t r u c t i o n  of  t h e  m a n i p u l a t o r  i t s e l f ,  s i n c e  c o n v e n t i o n a l  
m a n i p u l a t o r s  a r e  n o t  des igned t o  o p e r a t e  smooth ly  enough t o  execute  maneuvers w h i l e  p rese rv -  
i n g  v e r y  low a c c e l e r a t i o n  l e v e l s  a t  t he  e n d - e f f e c t o r .  
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The second mot ion  c o n t r o l  p rob lem i n v o l v e s  t h e  t r a n s p o r t  o f  o t h e r  o b j e c t s  r e l a t i v e l y  q u i c k l y  
w h i l e  m i n i m i z i n g  r e a c t i o n  f o r c e s  t r a n s m i t t e d  to  the  r o b o t ' s  su r round ings  th rough a t tachment  
p o i n t s .  The s i m p l e s t  method f o r  r e d u c t i o n  o f  t h e  base r e a c t i o n s  i s  t o  move the  r o b o t  arm 
so s l o w l y  t h a t  f o r c e s  a r e  ma in ta ined  w i t h i n  accep tab le  l e v e l s .  A b e t t e r  approach i s  t o  use 
mechanisms o r  c o n t r o l  s t r a t e g i e s  t o  compensate for or cancel  p o s s i b l e  r e a c t i o n s .  U s e  of 
r e a c t i o n  c o n t r o l  techn iques  w i l l  improve r o b o t  p r o d u c t i v i t y  i n  s i t u a t i o n s  t h a t  p e r m i t  h i g h  
a c c e l e r a t i o n s  a t  t he  e n d - e f f e c t o r ,  such as t h e  t r a n s p o r t a t i o n  o f  n o n s e n s i t i v e  t e s t  equipment 
or s u p p l i e s .  

The o b j e c t i v e  o f  the  m i c r o g r a v i t y  mechanisms and r o b o t i c s  techno logy  program a t  NASA Lewis 
Research Center  i s  t o  deve lop  mechanisms, r o b o t  concepts ,  and c o n t r o l  s t r a t e g i e s  which p ro -  
v i d e  smooth mo t ion ,  r e a c t i o n  m i n i m i z a t i o n ,  and a c c e l e r a t i o n  c o n t r o l  for  use i n  the  m ic ro -  
g r a v i t y  l a b o r a t o r y  env i ronment  ( 4 ) .  Elements of t h e  r o b o t i c s  p o r t i o n  o f  the  program a r e  
rev iewed i n  t h i s  paper .  

ROLLER D R I V E S  

R o l l e r ,  o r  t r a c t i o n ,  d r i v e s  p r o v i d e  s i g n i f i c a n t  b e n e f i t s  to r o b o t i c  a p p l i c a t i o n s  by o f f e r i n g  
smooth o p e r a t i o n  and e l i m i n a t i n g  back lash .  The o b j e c t i v e  o f  t r a c t i o n - d r i v e n  r o b o t  research  
i n  t h i s  program i s  t o  de termine t h e  s u i t a b i l i t y  o f  t r a c t i o n  d r i v e s  f o r  space r o b o t  a p p l i c a -  
t i o n s ,  measure c r i t i c a l  m a t e r i a l  and env i ronmen t - re la ted  per fo rmance parameters ,  and e x p l o i t  
the  b e n e f i c i a l  c h a r a c t e r i s t i c s  o f  t r a c t i o n  d r i v e s  by deve lop ing  s u i t a b l e  t r a c t i o n - d r i v e n  
r o b o t  j o i n t  concep ts .  

Background 

R o l l e r  d r i v e s  c o n s i s t  o f  smooth r o l l e r s  t h a t  a r e  h e l d  t o g e t h e r  i n  d r i v i n g  c o n t a c t .  Force ,  
or t o r q u e ,  i s  t r a n s m i t t e d  from r o l l e r  t o  r o l l e r  by  t a n g e n t i a l  f r i c t i o n a l  f o rces  i n  the  con- 
c e n t r a t e d  c o n t a c t  between them. C h a r a c t e r i s t i c s  o f  r o l l e r  d r i v e s  which make them compet i -  
t o r s  t o  geared d r i v e s  f o r  p r e c i s i o n  se rvo  or r o b o t  a p p l i c a t l o n s  a r e  d i scussed  by  Loewentha l ,  
Rohn, and S t e i n e t z  ( 5 )  and i n c l u d e  z e r o  back lash ,  h i g h  t o r s i o n a l  s t i f f n e s s ,  low s t a r t i n g  
f r i c t i o n ,  low to rque  r i p p l e ,  low v e l o c i t y  e r r o r s ,  p o t e n t i a l  for  n o n l u b r i c a t e d  o p e r a t i o n  
(due t o  low s l i d i n g ) ,  and ove r - to rque  p r o t e c t i o n  ( a b i l i t y  to s l i p  a t  p rede te rm ined  t r a c t i o n  
1 i m i  t s ) .  

A space servomechanism i n v e s t i g a t e d  by  S t e l n e t z ,  Rohn. and Anderson (6) i n c o r p o r a t e d  many of  
these b e n e f i c i a l  s e r v o a c t u a t o r  c h a r a c t e r i s t i c s  i n  a s a t e l l i t e  c o n t r o l  moment g y r o  d r i v e .  
The h i g h - t o r q u e  r o l l e r  d r i v e ,  shown i n  F i g u r e  2 ,  was des igned t o  o p e r a t e  d r y  i n  space u s i n g  
a t h i n ,  i o n - i m p l a n t e d  l a y e r  o f  g o l d  on  the  hardened s t a i n l e s s  s t e e l  r o l l e r s  t o  p reven t  them 
f rom c o l d  w e l d i n g  i n  the  vacuum env i ronment .  Ground t e s t i n g  demonst ra ted  t h e  d r i v e ' s  z e r o  
back lash  and r e l a t i v e l y  h i g h  s t i f f n e s s .  
c o n t r i b u t e d  o n l y  9 pe rcen t  o f  t h e  t o t a l  system compl iance.  I n  a d d i t i o n ,  t o rque  r i p p l e  was 
ex t reme ly  low. I n t e r n a l  damping a t t e n u a t e d  t e s t  r i g  to rque  o s c i l l a t i o n s  from 7 p e r c e n t  a t  
t he  i n p u t  t o  0 .3  p e r c e n t  a t  t h e  o u t p u t .  Th i s  s tudy  demonst ra ted  r o l l e r  d r i v e  s u i t a b i l i t y  
for  s e r v o a c t u a t o r  a p p l i c a t i o n s ,  wh ich  i n c l u d e  r o b o t  j o i n t s .  

Kuban and W i l l i a m s  ( 7 )  des igned a m a n i p u l a t o r  arm f o r  a space t e l e r o b o t  p r o j e c t .  The arm 
i n c o r p o r a t e d  a r o l l e r - d r i v e n  j o i n t  t o  t a k e  advantage o f  z e r o  back lash ,  low to rque  r i p p l e ,  
and low  s t a r t i n g  f r i c t i o n  c h a r a c t e r i s t i c s .  T h i s  t e l e r o b o t  system concept  i n c l u d e s  a p a i r  
o f  arms, equ i  a l e n t  t o  a space-su i ted  a s t r o n a u t ,  a r ranged i n  a f o r c e - r e f l e c t i n g ,  
teleoperator-controlled, maste r -s lave  arrangement.  Each arm i n c l u d e s  a w r i s t  r o l l ,  p l u s  
t h r e e  t r a c t i o n - r o l l e r - d r i v e n ,  d i f f e r e n t i a l ,  p i t ch -yaw j o i n t s .  To s i m p l i f y  t h e  c o n t r o l  sys- 
t e m  and p r o v i d e  t h e  necessary  f i n e n e s s  o f  c o n t r o l ,  d r i v e  system back lash  had to be e l i m i -  
na ted .  
t o  be e a s i l y  b a c k d r i v e n .  These requ i remen ts ,  p l u s  t h e  need t o  o p e r a t e  i n  a vacuum, were 
f a c t o r s  c o n t r i b u t i n g  t o  t h e  s e l e c t i o n  o f  r o l l e r - d r i v e n  j o i n t s .  For the  development o f  p ro -  
t o t y p e  hardware for t h i s  concept ,  a l a b o r a t o r y  t e l e r o b o t  m a n i p u l a t o r  (LTM) has been con- 
s t r u c t e d  f o r  ground t e s t i n g .  A p r e c u r s o r  bench-top t e s t  r i g  ( F i g u r e  3) was b u i l t  to check 
o u t  t h e  p i t ch -yaw j o i n t  concept  and gu ide  t h e  f i n a l  LTM des ign .  The d i f f e r e n t i a l  t r a c t i o n  
r o l l e r  s tage  i s  v i s i b l e  towards t h e  r i g h t  i n  t h e  f i g u r e .  The r o l l e r s  a r e  hardened s t e e l  
w i t h  i o n  g o l d  p l a t i n g  t o  a l l o w  d r y  o p e r a t i o n .  

Design C o n s i d e r a t i o n s  

The des ign  o f  a r o l l e r  d r i v e  for  a r o b o t  o r  for  any a p p l i c a t i o n  depends on the  t r a c t i o n  pe r -  
formance ( t r a c t i o n  c o e f f i c i e n t ,  l o a d  c a p a c i t y ,  wear r a t e ,  and f a t i g u e  l i f e )  o f  t he  s e l e c t e d  
m a t e r i a l s  and r o l l e r  c o n f i g u r a t i o n s .  Th is  t r a c t i o n  per fo rmance,  i n  t u r n ,  depends on o p e r a t -  
i n g  c o n d i t i o n s .  A c o n s i d e r a b l e  amount o f  d a t a  and des ign  i n f o r m a t i o n  for r o l l e r  d r i v e  mate- 
r i a l s ,  l u b r i c a n t s ,  and geomet r ies  i n  high-power,  t ransmiss ion - t ype  a p p l i c a t i o n s  has been 
c o l l e c t e d  by Loewentha l ,  e t  a l .  (8 .9 ) .  Development o f  space r o b o t  mechanisms r e q u i r e s  pe r -  
formance d a t a  under t y p i c a l  o p e r a t i n g  c o n d i t i o n s  and env i ronments ,  for  example vacuum and 

By combined a n a l y s i s  and t e s t ,  t h e  t r a c t i o n  r o l l e r s  

S ince  pay load  f o r c e s  on t h e  s l a v e  a r e  r e f l e c t e d  back t o  the  mas te r ,  t h e  j o i n t s  had 
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thermal  c y c l i n g .  L i m i t e d  d a t a  e x i s t ,  b u t  a r e  g e n e r a l l y  f o r  pure  s l i d i n g  c o n d i t i o n s ,  n o t  
t h e  combined r o l l i n g  and s l i d i n g  of  a t r a c t i o n  c o n t a c t .  Rohn (10 )  d e s c r i b e s  a un ique t e s t  
r i g  t h a t  w i l l  be used t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  thermal  vacuum env i ronments  on m a t e r i a l  
per fo rmance.  Severa l  r o l l e r  m a t e r i a l s  and s u r f a c e  t rea tmen ts ,  i n c l u d i n g  so f t -me ta l  p l a t e d  
s t e e l  and advanced po lymers ,  have been i d e n t i f i e d  for  t e s t i n g .  Both m a t e r i a l s  have r e l a -  
t i v e l y  h i g h  t r a c t i o n  and low wear when o p e r a t i n g  d r y  i n  a i r  or vacuum. The d a t a  genera ted  
i n  t h i s  program w i l l  a i d  t h e  unders tand ing  o f  r o l l e r - t r a c t i o n  c o n t a c t  phenomena i n  nonatmos- 
p h e r i c  env i ronments  as w e l l  as p r o v i d e  d a t a  t o  des ign ,  s i z e ,  and e v a l u a t e  f u t u r e  r o l l e r -  
d r i v e n  r o b o t  a c t u a t o r s .  

Des ign  s t u d i e s  and hardware t e s t i n g  t o  deve lop  smooth, r e l i a b l e ,  space-compat ib le mo t ion  
c o n t r o l  dev i ces  a r e  underway. Severa l  concepts  for  r o b o t  a c t u a t o r s  have been deve loped,  
i n c l u d i n g  r o l l e r - g e a r  d r i v e s  ( t r a c t i o n  r o l l e r s  i n  p a r a l l e l  w i t h  gears  f o r  h i g h e r  to rque  
c a p a b i l i t y )  and r o l l e r - d r i v e n  j o i n t s  t h a t  i n c o r p o r a t e  b u i l t - i n  momentum compensat ion for  
r e a c t i o n  l i m i t a t i o n .  The s p e c i f i c a t i o n s  for these w i l l  depend t o  a l a r g e  e x t e n t  on t h e  
r e s u l t s  o f  on-go ing  space exper iment  au tomat ion  and m a n i p u l a t i o n  needs assessments.  
i n g  d r i v e  des igns  w i l l  be t e s t e d  and e v a l u a t e d  t o  assess performance and s u i t a b i l i t y  f o r  
space l a b o r a t o r y  r o b o t  s y s t e m  a p p l i c a t i o n s .  

DYNAMICS AND CONTROL 

Promis- 

The dynamics and c o n t r o l  research  suppor ted  by t h i s  program to  d a t e  has focused on t h e  oper -  
a t i o n  o f  a r o b o t  w h i l e  l i m i t i n g  t r a n s m i s s i o n  o f  r e a c t i o n s  th rough i t s  base to the  sur round-  
i n g  env i ronment .  DeS i l va ,  Chung, and Lawrence ( 1 1 )  developed a method f o r  t r a j e c t o r y  d e s i g n  
which employs k i n e m a t i c  redundancy ( a d d i t i o n a l  degrees o f  f reedom) f o r  base r e a c t i o n  m in im i -  
z a t i o n .  M a n i p u l a t o r s  used i n  space a p p l i c a t i o n s  w i l l ,  i n  g e n e r a l .  have k i n e m a t i c  redundancy 
i n  o r d e r  t o  f a c i l i t a t e  t h e  performance o f  t a s k s .  for example, redundancy w i l l  be r e q u i r e d  
f o r  o b s t a c l e  avo idance and t o  a v e r t  s i n g u l a r  c o n f i g u r a t i o n s .  I n  c e r t a i n  a p p l i c a t i o n s ,  t h e  
redundant  degrees of f reedom can a l s o  be used t o  m in im ize  base r e a c t i o n s .  
t e r m s ,  moving t h e  a d d i t i o n a l  s e c t i o n s  of t h e  m a n i p u l a t o r  i n  a d i r e c t i o n  i n e r t i a l l y  o p p o s i t e  
t o  t h e  movement of t h e  end-e f fec to r  m in im izes  t h e  base r e a c t i o n s .  

I n  the  case o f  a nonredundant r o b o t ,  t h e r e  i s  a un ique comb ina t ion  o f  j o i n t  mot ions  t h a t  
s a t i s f i e s  t h e  d e s i r e d  e n d - e f f e c t o r  mo t ion .  
number of  s o l u t i o n s  t o  t h e  prob lem.  I n  t h e  procedure  deve loped by d e s i l v a ,  an o p t i m i z a t i o n  
s t r a t e g y  i s  employed f o r  i d e n t i f y i n g  t h e  j o i n t  mo t ion  s o l u t i o n  s e t  t h a t  m in im izes  t h e  
r e s u l t i n g  base r e a c t i o n s .  

The f irst s t e p  i n  t h i s  p rocedure  i n v o l v e s  d e t e r m i n i n g  t h e  end-e f fec to r  t r a j e c t o r y  t h a t  s a t -  
i s f i e s  a c c e l e r a t i o n  and j e r k  l i m i t a t i o n s ,  i n  a d d i t i o n  t o  t h e  i n i t i a l  and f i n a l  p o s i t i o n s  o f  
t h e  e n d - e f f e c t o r .  Nex t ,  t h e  e n d - e f f e c t o r  t r a j e c t o r y  i s  sub -d i v ided  i n t o  a s u f f i c i e n t l y  
l a r g e  number o f  segments. J o i n t  t r a j e c t o r i e s  a t  t h e  redundant  degrees o f  f reedom then a r e  
de termined f o r  each t i m e  s t e p  so as t o  m in im ize  a c o s t  f u n c t i o n  c o n t a i n i n g  t h e  base f o r c e s  
and moments. 
f r o m  t h e  s p e c i f i e d  e n d - e f f e c t o r  p o s i t i o n  a t  t h e  end o f  t h e  t i m e  s tep .  
repea ted  u n t i l  t h e  f i n a l  e n d - e f f e c t o r  p o s i t i o n  i s  reached.  T y p i c a l  r e s u l t s  ( F i g u r e  4) 
demonst ra te  t h e  outcome for a three-degree-of- f reedom p l a n a r  m a n i p u l a t o r ,  where t h e  c o s t  
f u n c t i o n  I s  de f i ned  as  t h e  sum o f  t h e  squares o f  the  base  r e a c t i o n  f o r c e s  and moments.  Com- 
p a r i n g  t h e  o p t i m i z e d  and nonop t im ized  c o s t  f u n c t i o n s ,  i t  i s  c l e a r  t h a t  base r e a c t i o n s  can be 
s i g n i f i c a n t l y  reduced w h i l e  p e r f o r m i n g  t h e  same t r a j e c t o r y  i n  t h e  same t i m e .  

Chung and Desa (12)  a p p l i e d  t h e  p r e v i o u s  approach fo r  base r e a c t i o n  m i n i m i z a t i o n  t o  a two- 
j o i n t ,  four -degree-o f - f reedom s p a t i a l  r o b o t  p lanned f o r  demons t ra t i on  under t h i s  p r o j e c t .  
I n  t h i s  s t u d y ,  i t  was demonst ra ted  t h a t  k i n e m a t i c  redundancy can be u s e f u l  for m i n i m i z i n g  
base r e a c t i o n s  f o r  a s p a t i a l  r o b o t .  The e f f e c t  o f  v a r i o u s  comb ina t ions  o f  w e i g h t i n g  func -  
t i o n s  on t h e  base f o r c e  and moment a l s o  was assessed. S ince  t h e  c o s t  f u n c t i o n  i s  d e f i n e d  
as t h e  sum of t h e  squares of t h e  base r e a c t i o n  f o r c e s  and moments, a w e i g h t i n g  f u n c t i o n  i s  
needed t o  nond imens iona l i ze  t h e  v a r i a b l e s  and ba lance t h e  r e l a t i v e  magnitudes o f  f o r c e s  and 
moments. From these  r e s u l t s  i t  was de termined t h a t  a s u i t a b l e  w e i g h t i n g  m a t r i x  c o u l d  be 
c o n s t r u c t e d  by  u s i n g  average va lues  o f  base moments and f o r c e s .  

Chen (13 )  a l s o  i n c o r p o r a t e d  t h e  p r e v i o u s l y  d i scussed  s t r a t e g i e s  f o r  base r e a c t i o n  m in im iza -  
t i o n .  I n  t h i s  work,  a genera l  computer program was deve loped t o  s i m u l a t e  and c o n t r o l  manip- 
u l a t o r s  w i t h  any number o f  l i n k s ,  j o i n t s ,  and degrees o f  redundancy. By a p p l y i n g  t h i s  code 
t o  m a n i p u l a t o r s  w i t h  v a r i o u s  degrees o f  redundancy i t  was found  t h a t  t h rough  the  p ope r  
s e l e c t i o n  o f  redundancy i t  i s  p o s s i b l e  t o  des ign  m a n i p u l a t o r s  t h a t  w i l l  be capab le  o f  oper -  
a t i n g  w i t h  m in ima l  base r e a c t i o n s .  

I n  s i m p l e s t  

for  redundant  m a n i p u l a t o r s  t h e r e  a r e  an i n f i n i t e  

F i n a l l y ,  t h e  m o t i o n  for  t h e  r e s t  o f  t h e  j o i n t  degrees o f  f reedom a r e  o b t a i n e d  
The procedure  i s  

The use of  k i n e m a t i c  redundancy and o t h e r  c o n t r o l  schemes f o r  base r e a c t i o n  compen 
d i scussed  by Qu inn  and Lawrence ( 1 4 ) .  An e x t e n s i o n  o f  these ideas  i s  p resen ted  i n  
where measured r e a c t i o n s  a r e  used to  i d e n t i f y  t h e  unknown i n e r t i a l  p r o p e r t i e s  o f  a 

a t i o n  a r e  
f i g u r e  5, 
pay 1 oad . 



Since the previous y discussed reaction optimization strategy assumes knowledge of the 
manipulator as we1 as the payload, this scheme would provide feedback to update the dynamic 
models when manipu ating an unknown payload. Another promising approach for reaction mini- 
mization reported in this work is the use of actuators at the robot base. With actuators, 
such as moment gyros and proof mass actuators, base reactions can be greatly reduced. 
Control strategies for driving the actuators are relatively straightforward because the 
actuator controls are only concerned with the base reactions and do not need to have any 
information about the robot motions. 

Several improvements to the base reaction control and redundant joint optimization schemes 
are planned for the future. The feasibility of combining the end-effector trajectory with 
the joint trajectory will be investigated. By optimizing both trajectories simultaneously. 
additional reductions may be realized in the base reactions. An evaluation of the effe 
integrally minimizing the base reactions over time rather than at every instant in time 
will be performed. Through use of an integral approach it may be possible to eliminate 
oeaks in the resultina base reactions. ComDutational issues also will be investiaated. 
;eal-time operations it will be required that the optimization be performed faste; than 
robot is actually moving. This computational rate currently is not attainable, but cou 
possible with parallel processing or other computational methods. Studies on base reac 
feedback control and design sensitivity also are planned. 

MICROGRAVITY MANIPULATION DEMONSTRATION 

t of 
a1 so 

For 
the 
d be 
ion 

A microgravity manipulator demonstrator is being constructed to evaluate advanced joint 
concepts and the specialized control strategies for base reaction and payload disturbance 
minimization. The main features of this demonstrator, as shown in Figure 6, are a four- 
degree-of-freedom traction-driven robot arm, a base reaction sensor, and a control computer. 
Brush (15) describes the selection of these components to provide flexibility in performing 
tests. 

The control computer system will be based on the VMEbus architecture to allow expandable 
support for present and future testing needs. Robot position and velocity control will be 
managed by one 68020-microprocessor-based single-board computer with inputs from robot 
on-joint custom processors. The on-joint processors convert position and rate data from 
tachometers, resolvers, and encoders in the joint, and transmit the data to a module on the 
VMEbus, which places it in memory for the processor. An additional single-board computer 
will provide computational power for computing optimal path and joint trajectories. 

The manipulator, constructed from two of the previously described LTM two-degree-of-freedom 
traction-roller-driven joints, will be mounted on a force and moment transducer to measure 
the base reactions. Commercial sensors using strain-gaged flexures and linear data reduc- 
tion techniques (16) will give sufficient precision (12-bit) and accuracy (0.1 percent) for 
this demonstration, and a digital output for computer interfacing. The reaction sensor not 
only will provide verification of base reaction compensation strategies, but can also be 
used for identifying the inertial parameters of the robot, including an unknown payload. 

The present demonstration project is intended to be the first step in microgravity manipula- 
tlon experimentation. Envisioned future efforts include evaluation of real-time feedback 
of reaction forces for improved base reaction compensation, and measurement of end-effector 
acceleration and vibration to help address the problem of moving acceleration-critical spe- 
cimens. Additionally, this test bed will allow experimental evaluation of advanced drive 
mechanisms. 

SUMMARY 

In order to fully exploit the opportunity for microgravity research, we must develop robots 
that meet the particular requirements of the space station environment. The research being 
performed under the microgravity robotics technology program at NASA Lewis Research Center 
will provide answers to questions about robotic controls, mechanisms, and materials. 
Results obtained to date include investigation into control schemes that are capable of min- 
imizing robot base reactions; selection of a manipulation demonstration concept including a 
suitable arm, a control computer, and a reaction transducer; and design of a test rig to 
measure roller material performance under space-simulated conditions for use in future 
roller-driven robot joint concepts. These results, and future results, will help developers 
design robots for microgravity manipulation in the space laboratory. 
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Figure 1 .-Critical Acceleration Spectrum for Proposed Space Station Experiments (2). 
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Figure 2.--Roller Traction Drive Prototype for Satellite Control Moment Gyro Drive Application. 
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Figure 3.-Bench Test Roller-Driven Differential Joint for Oak Ridge National Laboratory Telerobot Manipulator 
Project (7). 

8 



300 

L 
El 
c 
L, 
L a 
U 
c 
in 
0 u 
L 

El 
200 

c 
i, 
4 
~ 

W 
v, 
Q 
E4 

100 

r OPT I MAL 

0 

I 

1- 
/ J 

.20 .40 
TIME, SEC 

.60 .80 

Figure 4.-Typical Optimization of Base Reactions for Three-Joint Planar Manipulator Over Arbitrary 
Trajectory. Cost Function is Defined as Sum of the Squares of Reaction Forces and Moments (11). 
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16. Abstract 

A research  program t o  develop techno logy  f o r  r o b o t s  o p e r a t i n g  i n  t h e  m i c r o g r a v i t y  
environment o f  t h e  space s t a t i o n  l a b o r a t o r y  i s  desc r ibed .  
capable o f  m a n i p u l a t i n g  payloads w i t h o u t  caus ing them t o  exper ience harmfu l  l e v -  
e l s  o f  a c c e l e r a t i o n ,  and t h e  mo t ion  o f  these r o b o t s  must n o t  d i s t u r b  a d j a c e n t  
exper iments and o p e r a t i o n s  by t r a n s m i t t i n g  r e a c t i o n s  t h a t  t r a n s l a t e  i n t o  damag- 
i n g  r e a c t i o n s  throughout  t h e  l a b o r a t o r y .  S o l u t i o n s  t o  these problems, based on 
bo th  mechanism technology and c o n t r o l  s t r a t e g i e s ,  a r e  d iscussed.  Methods a re  
presented f o r  r e d u c t i o n  o f  r o b o t  base r e a c t i o n s  th rough  the  use o f  redundant  
degrees o f  freedom, and t h e  development o f  smoothly o p e r a t i n g  r o l l e r - d r i v e n  
r o b o t  j o i n t s  f o r  m i c r o g r a v i t y  m a n i p u l a t o r s  i s  d iscussed.  
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